Crustal metasomatism by subduction is considered as an important mechanism for generating mantle heterogeneity through infiltration of different metasomatic agents into the mantle. As a consequence of the subduction of oceanic crust (including oceanic basaltic rocks and seafloor sediments), both carbonate and silicate metasomatism are expected to occur at the slab-mantle interface in an oceanic subduction channel. This is demonstrated by an integrated study of major and trace elements, stable Mg-isotopes and radiogenic Sr-Nd-Hf isotopes in Cenozoic and Mesozoic alkali basalts from the West Qinling orogen, China. Although the two series of continental basalts show ocean island basalt (OIB)-like trace element distribution patterns and relatively depleted SrNd-Hf isotope compositions, they exhibit differences in other geochemical variables. The Cenozoic basalts have low SiO 2 , but high CaO and MgO concentrations, and high CaO/Al 2 O 3 ratios but low d
INTRODUCTION
There are two types of metasomatism in the mantle. One is mantle metasomatism, which is referred to chemical alteration of the shallow mantle by melts from deeper mantle (O'Reilly & Griffin, 2012) . The other is crustal metasomatism, which is referred to chemical alteration of the mantle by crust-derived materials (Zheng, 2012) . Crustal metasomatism has been considered as an important mechanism for changing the petrological and geochemical characteristics of the mantle (e.g. Roden & Murthy, 1985; Coltorti et al., 2007; O'Reilly & Griffin, 2012; Zheng & Hermann, 2014) . At convergent plate margins, crustal metasomatism occurs by infiltration of slab-derived fluids or melts into the overlying mantle wedge peridotite . Crust-mantle interaction is realized by metasomatic reaction of such fluids or melts with the peridotite in subduction channels, with mass transfer occurring at the slab-mantle interface (Zheng, 2012) . This results in ultramafic metasomatites with different geochemical compositions reflecting the varying composition of the metasomatic agents, which can include silicate melts, carbonate melts and aqueous fluids (e.g. Coltorti et al., 1999 Coltorti et al., , 2007 Schmidt & Poli, 2003; O'Reilly & Griffin, 2012; Su et al., 2014; Zheng & Hermann, 2014; . Partial melting of the metasomatites produces various compositions of basalt, including island arc basalt, oceanic island basalt and continental basalt (Ringwood, 1990; Zheng, 2012; Zheng et al., 2015) . In this respect, the composition of the metasomatic agents has exerted a direct influence on the composition of mafic igneous rocks formed above subduction zones. Therefore, it is important to establish geochemical proxies to decipher the nature of the metasomatic agents.
Mantle-derived mafic igneous rocks are critical to understanding the nature of the mantle and its possible metasomatism. Alkali basalts have a great potential in this respect because increasing numbers of studies have indicated contributions from metasomatic lithologies in their source region. In addition to carbonated peridotite, other mantle lithologies include pyroxenite and hornblendite (e.g. Sobolev et al., 2005; Dasgupta et al., 2007; Pilet et al., 2008; Zhang et al., 2009; Herzberg, 2011; Lambert et al., 2013 Lambert et al., , 2016 Dai et al., 2014; Farmer, 2014) . The generation of ultramafic metasomatites requires chemical reaction of carbonate and silicate melts with peridotite. Plate subduction has been accepted as the basic mechanism for recycling of subducted oceanic crust into the mantle (e.g. Allè gre, 1982; Zindler & Hart, 1986; Hofmann, 1997; Zhang et al., 2009; Stracke, 2012) . Because the subducted oceanic crust is composed of oceanic igneous rocks (basalt and gabbro) and seafloor sediments (including terrigenous sediment and marine carbonate), both silicate and carbonate materials can be incorporated into the mantle source of alkali basalts. Thus, alkali basalts in ancient subduction zones provide us with an important target to investigate possible silicate and carbonate metasomatism.
The combined application of Mg-isotopes with major and trace elements and radiogenic isotopes can potentially offer unique insight into the composition of the source of alkali basalts. Magnesium isotope fractionation is limited (d 26 Mg variations <0Á07ø) during hightemperature magma differentiation (Teng et al., 2007 (Teng et al., , 2010a ; Handler et al., 2009; Bourdon et al., 2010; Pogge von Strandmann et al., 2011; Lai et al., 2015) , but it is significant (d 26 Mg variations as large as 7ø) during surficial processes such as chemical weathering and seafloor alteration (Tipper et al., 2006; Pogge von Strandmann et al., 2008; Teng et al., 2010b; Huang et al., 2012; Opfergelt et al., 2012; Liu et al., 2014) . High MgO concentrations are prominent in mantle-derived mafic igneous rocks. Together with the limited Mgisotope fractionation during magmatic processes, this allows basalt Mg-isotope compositions to be used to interrogate the nature of their mantle sources. Mantle peridotite has a relatively homogeneous d 26 Mg value of -0Á25 6 0Á07ø (Teng et al., 2010a) . Owing to the influence of surface weathering, continental crust acquires relative heavy Mg-isotope compositions, with an average d 26 Mg value of À0Á22ø for the upper continental crust (Li et al., 2010) and À0Á18ø for the lower continental crust (Teng et al., 2013) . Notably, marine carbonate has a significantly lighter Mg-isotope composition with variably low d 26 Mg values from -5Á57 to -0Á47ø (e.g. Young & Galy, 2004; Tipper et al., 2006; Pogge von Strandmann, 2008; Higgins & Schrag, 2010; Jacobson et al., 2010; Pokrovsky et al., 2011; Wombacher et al., 2011; Fantle & Higgins, 2014) . The significant differences in Mg-isotope composition make it a powerful means to decipher the recycling of supracrustal materials.
In this paper we present a combined study of wholerock major and trace element, stable Mg-isotope and radiogenic Sr-Nd-Hf isotope compositions for Cenozoic and Mesozoic alkali basalts from the West Qinling orogen, central China. The results show systematic differences in major and trace elements and isotope compositions between the two ages of basalt. This offers us an excellent opportunity to explore different types of crustal metasomatism in a subduction zone. As a result, we recognize two types of metasomatism, by silicate and carbonate melts, respectively, during subduction of the Paleotethyan oceanic crust. Different compositions of mantle metasomatites were generated as the mantle sources of the Cenozoic and Mesozoic alkaline basalts, respectively. This provides insights into not only the nature of metasomatism at the slab-mantle interface in an oceanic subduction channel, but also the lithology of the mantle sources of the alkali basalts.
GEOLOGICAL SETTING AND SAMPLES
The Qinling orogen is tectonically bounded by the Qilian orogen to the NW and the North China Block to the north, the Songpan-Ganzi orogen and the South China Block to the south, the Kunlun orogen to the SW, and the Tongbai orogen to the east ( Fig. 1a and b) . The Qinling orogen was formed by a series of processes from oceanic subduction and arc-continental collision in the Paleozoic to final continent-continent collision in the Early Mesozoic (e.g. Wu & Zheng, 2013; Dong & Santosh, 2016) . The A'nimaque-Mianlue fault along the southern margin of the Qinling orogen represents the closure of the Paleotethyan ocean in the Qinling region, which was located in the north of the Songpan-Ganzi orogen and the South China Block during the Late Paleozoic (Dong et al., 2011; Wu & Zheng, 2013) . With northward subduction of the A'nimaque-Mianlue Paleotethyan oceanic crust, arc-continent collision between the South Qinling and the South China Block occurred during the Triassic, leading to the final amalgamation of the North China Block and the South China Block (Meng & Zhang, 2000; Meng et al., 2005; Dong & Santosh, 2016) .
The Qinling orogen can be subdivided into the East Qinling orogen and the West Qinling orogen (Fig. 1b) by the Baoji-Chengdu railway (Zhang et al., , 2007 . In the West Qinling orogen, sedimentary cover mainly consists of Devonian to Cretaceous sequences, with rarely exposed Precambrian crystalline basement (Feng et al., 2002) . Voluminous granitoids of Late Triassic ages were emplaced in West Qinling (Dong et al., 2011; Wang et al., 2013; Lu et al., 2016) . There are also sporadic volcanic rocks, mainly composed of basalt, andesite, rhyolite and carbonatite, erupted in West Qinling in the Late Paleozoic, Triassic, Late Cretaceous and Cenozoic (Yu et al., 2005; Qin et al., 2008; Dong et al., 2011; Li et al., 2013; Dai et al., 2014) . Fragments of ophiolite and island arc volcanic rocks have been identified and well documented along the A'nimaqueMianlue tectonic zone (Dong et al., 2011) . The ophiolites have been inferred to be of Carboniferous age based on radiolaria in cherts interlayered with the basalts (Feng et al., 1996) . Subduction-related island arc volcanic rocks of Late Carboniferous to Early Triassic age have also been reported in the studied areas (Li et al., 2004 (Li et al., , 2013 Qin et al., 2008; Dong et al., 2011) . These volcanic rocks are generally characterized by enrichment in large ion lithophile elements (LILE) and light rare earth elements (LREE) but depletion in high field strength elements (HFSE) such as Nb, Ta, Ti and Hf relative to heavy rare earth elements (HREE) in primitive mantlenormalized trace element diagrams, which is typical of the geochemical signatures of island arc basalts.
The Cenozoic basalts from the West Qinling orogen have an eruption age of $23 Ma (Yu et al., 2005) , with >30 outcrops scattered over an $3000 km 2 area to the SW of Lixian county ( Fig. 1c ; Yu et al., 2003 Yu et al., , 2004 Yu et al., , 2005 Yu et al., , 2011 Guo et al., 2014) . They mainly occur as pipes or diatreme-tuff rings and subvolcanic intrusions, with a single outcrop diameter normally <1 km 2 . There are also lava flows that cover areas of a few square kilometers. Most of the West Qinling Cenozoic basalts are associated with carbonatite lava flows (Yu et al., 2003 (Yu et al., , 2004 , indicating their derivation from CO 2 -rich mantle sources (Yu et al., 2003; Guo et al., 2014) . The Cenozoic basalt samples used in this study were collected from Haoti, Caihua and Fenshui in the Lixian area (Fig. 1c) . The studied basalts are porphyritic and mainly composed of olivine with minor clinopyroxene phenocrysts ( Fig. 2a and b) . Carbonate globules and irregular patches are locally present in the basalts (Fig. 2a and b) , possibly indicating the coexistence of immiscible carbonate melts in the silicate magmas.
Mesozoic volcanic rocks mainly crop out in the Xiahe area of the West Qinling orogen (Fig. 1d) . Whole-rock Ar/Ar and zircon U-Pb dating of the volcanic rocks from the Xiahe area yields Early Cretaceous ages of 101-112 Ma (Fan et al., 2007; Li et al., 2013; Dai et al., 2014) . These volcanic rocks mainly occur along a north-south extensional basin with areas of several to $100 km 2 . They are mainly composed of basalt with minor basaltic andesite and andesite, which unconformably overlie Permian or Triassic strata. Mesozoic basalt samples used in this study were collected from Madang, Ganjia and Duomaohe, the three major Early Cretaceous volcanic centers in the Xiahe area (Fig. 1d) . The studied basalts are porphyritic with olivine, minor plagioclase and clinopyroxene phenocrysts ( Fig. 2c and d) .
ANALYTICAL METHODS

Whole-rock major and trace elements
After detailed petrographic examination, fresh samples were selected and crushed to powders of 200 mesh in an agate mortar. Major elements were analyzed at ALS Chemex Company, Guangzhou, by X-ray fluorescence (XRF). The analytical precision for the major elements is better than 62-5%. Trace elements were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 7500 e system after complete dissolution at Wuhan Sample Solution Analytical Technology Company, Wuhan. Four standards (basalts BCR-2 and BHVO-2, andesite AGV-2 and rhyolite RGM-2) were used to monitor the analytical quality, and the analytical precision for most trace elements is better than 65%.
Whole-rock Mg isotopes
Whole-rock Mg-isotopic compositions were measured at the CAS Key Laboratory of Crust-Mantle Materials and Environments in the University of Science and Technology of China (USTC), Hefei. Detailed procedures for sample dissolution, column chemistry and instrumental analysis are similar to those reported by An et al. (2014) . All chemical procedures were carried out in a class 1000 clean laboratory at USTC. Whole-rock powders (about 5-10 mg) were dissolved in Savillex screwtop beakers with HF-HNO 3 ($3:1) mixed acids. After the initial digestion and evaporation to dryness, samples were treated with aqua regia and dried again. Samples were then refluxed with concentrated HNO 3 to remove residual fluorides and finally dissolved in 1 ml 2N HNO 3 in preparation for column chemistry. Magnesium was separated by cation exchange chromatography with Bio-Rad AG50W-X12 (200-400 mesh) resin. The same column procedure was carried out twice for all samples to obtain a pure Mg solution for mass spectrometry and to check the efficiency of our column to separate Mg from isobaric interferences. The eluted solutions were evaporated to dryness and dissolved in 2% HNO 3 prior to instrumental analysis. Before samples were analyzed by multicollector (MC)-ICP-MS, the solutions were checked by ICP-MS to make sure that the purification removed most matrix elements to a level where the matrix effect is not significant (e.g. matrix/Mg 0Á05) (Galy et al., 2001) . The total procedural Mg blank was systematically lower than 6 ng, which is negligible relative to the amount of Mg put through chemical purification (!20 lg). The USGS reference material BCR-2 was prepared following the same procedure.
Mg-isotope ratios were measured by the samplestandard bracketing method using a Thermo Scientific Neptune Plus MC-ICP-MS system at the CAS Key Laboratory of Crust-Mantle Materials and Environments in USTC, Hefei. Mg isotopes were analysed in low-resolution mode, with 26 (Galy et al., 2003) .
Comparison of widely studied whole-rock and mono-element solution standard data provides a good way to reveal inter-laboratory analytical discrepancies. Three USGS whole-rock standards (BCR-2, G-2 and AGV-2), and two in-house pure Mg solution standards (CAM-1 and IGGMg1) were measured in the USTC laboratory for d 26 Mg (Table 1) . These data show excellent agreement with literature values, suggesting that inter-laboratory biases for Mg isotopes are negligible. For example, for the pure Mg solution CAM-1, average d 26 Mg value in this study is -2Á601 6 0Á040ø (2r, n ¼ 36), consistent with the literature values (e.g. Galy et al., 2003; Tipper et al., 2006; Young et al., 2009; Bourdon et al., 2010; An et al., 2014) . Analyses of the well-characterized USGS Mg rock standards in this study yielded d 26 Mg ¼ -0Á16 6 0Á04ø for BCR-2, -0Á12 6 0Á02ø for G-2 and -0Á14 6 0Á02ø for AGV-2, which are identical within error with previously published values (e.g. Teng et al., 2007; Huang et al., 2009; An et al., 2014) . Repeated analyses of natural samples (14HT01, 14LX18 and 12LZ02) show excellent consistency of Mg isotope data, supporting the reliability of our data.
Whole-rock Sr-Nd-Hf isotopes
Whole-rock Rb-Sr, Sm-Nd and Lu-Hf isotopic analyses were performed on a Neptune MC-ICP-MS system at the State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences (CAS), Beijing. Chemical separation was undertaken by conventional ion-exchange techniques. Detailed analytical procedures have been given by Yang et al. (2010 Yang et al. ( , 2011 . Whole-rock powders (about 100 mg) were dissolved in Teflon capsules with HF þ HClO 4 at 190 C for 7 days, dried and then dissolved with 3 M HCl. Hafnium was effectively separated and purified with an anion-exchange column packed with Eichrom Ln-spec resin (100-150 lm, 2 ml), modified from the procedure of Mü nker et al. (2001) . Then, the separations of Sr and LREE were carried out with a second cation exchange column (packed with AG50W Â 12). Finally, Nd was further purified using another commercial Ln Spec resin column. Total analytical blanks were less than 100 pg for Sr, 50 pg for Nd and 50 pg for Hf. Analytic precision of isotopic ratio measurements is given as 2r standard errors. A USGS reference material GSP-2 was also processed for SrNd-Hf isotopes to monitor the analytical accuracy; this gave ratios of 0Á765095 6 24 for 87 Sr/ 86 Sr, 0Á511368 6 6 
*N stands for the number of repeated analyses of the same solution by MC-ICP-MS.
for 143 Nd/ 144 Nd and 0Á281948 6 8 for 176 Hf/ 177 Hf, respectively, which are identical, within analytical error, to the recommended values (Weis et al., 2006 (Weis et al., , 2007 . The initial Sr-Nd-Hf isotope ratios are calculated at t ¼ 23 Ma for the Cenozoic alkali basalts (Yu et al., 2005) and t ¼ 101 Ma for the Mesozoic alkali basalts (Dai et al., 2014) .
RESULTS
To decipher the origin of the alkali basalts, we have extended the geochemical data from the Cenozoic alkali basalts from the Lixian area analyzed in this study to the Mesozoic alkali basalts from the Xiahe area previously published by ourselves (Dai et al., 2014) . The new Mg-isotope data for the Cenozoic and Mesozoic alkali basalts from West Qinling, as well as three USGS standards and two in-house pure Mg solution standards are listed in Table 1 . The new whole-rock major and trace element data for 18 Cenozoic basalts are presented in Table 2 . Whole-rock Sr-Nd and Lu-Hf isotope compositions are presented in Tables 3 and 4 , respectively. For the Mesozoic alkali basalts, the whole-rock major and trace element data, Sr-Nd and Lu-Hf isotope compositions are presented in Supplementary Tables S1, S2 and S3, respectively (supplementary data are available for downloading at http://www.petrology.oxfordjour nals.org). In the following discussion, all the major oxides plotted in diagrams are normalized volatile free before plotting.
Whole-rock major and trace elements
The Cenozoic alkali basalts have low SiO 2 concentrations (38Á0-40Á1 wt %), but high MgO (12Á1-17Á9 wt %) and Mg# (69Á2-77Á3) ( Table 2) . They also display relatively high CaO concentrations of 12Á5-14Á8 wt % but low Al 2 O 3 concentrations of 7Á43-9Á52 wt %, with high CaO/Al 2 O 3 ratios of 1Á28-1Á99. The majority of these basalts fall in the domain of foidite on the total alkalis versus SiO 2 (TAS) diagram, with a few samples in the field of picrobasalt (Fig. 3) . On a chondrite-normalized REE diagram (Fig. 4a) , these basalts exhibit enrichment in LREE with (La/Yb) N ratios of 34Á4-53Á4 and without obvious Eu anomalies. In primitive mantle-normalized trace element patterns (Fig. 4b) , they are characterized not only by enrichment in most LILE, but also by enrichment in Nb and Ta, but depletion in K, Pb, Zr, Hf and Ti. Such patterns are similar to those for carbonatites derived from partial melting of carbonated oceanic crust (Hoernle et al., 2002) .
In contrast, the Mesozoic alkali basalts show more variable and higher SiO 2 concentrations of 41Á4-45Á7 wt % but less variable MgO concentrations of 7Á18-11Á11 wt % with Mg# of 59Á6-69Á2 (Supplementary Data  Table S1 ). They have relatively higher Al 2 O 3 concentrations of 12Á3-15Á8 wt % but lower CaO concentrations of 8Á70-10Á7 wt %, with low CaO/Al 2 O 3 ratios of 1Á28-1Á99. In the TAS diagram, they mainly fall in the domains of basalt and basanite. They are also enriched in LREE ( Fig. 4a ), but with relatively lower (La/Yb) N ratios of 6Á34-17Á3. In primitive mantle-normalized trace element patterns ( Fig. 4b ), they are characterized by enrichment in LILE such as Ba and Sr, no depletion in HFSE such as Nb, Ta, Zr, Hf and Ti, and negative Pb anomalies, similar to the common trace element patterns of oceanic island basalts (OIB).
Whole-rock Mg isotope compositions
All the Cenozoic and Mesozoic alkali basalts are distributed along the terrestrial equilibrium mass fractionation line with a slope of 0Á521 in a diagram of d 25 Mg versus (Fig. 5a ). This indicates that Mg isotopes obey the mass-dependent fractionation law (Young & Galy, 2004) . In general, the Cenozoic alkali basalts have relatively homogeneous Mg isotopic compositions ( Fig. 5b and Tables S2 and S3 ).
DISCUSSION The origin of alkali basalts
Previous studies have demonstrated that mantle melting and subsequent magma differentiation do not fractionate the Mg-isotope composition of mafic igneous rocks (Teng et al., 2007 (Teng et al., , 2010a . There is no correlation between SiO 2 concentration and radiogenic Sr-Nd isotope composition for the studied alkali basalts (not shown), suggesting that the effect of crustal contamination on the geochemical compositions of the alkali basalts is negligible. In addition, the alkali basalts display significantly higher Nb/U and Ce/Pb ratios than those of the continental crust (Table 2 and  Supplementary Data Table S1 ), also supporting insignificant crustal contamination. Furthermore, the higher MgO concentrations in basaltic magmas relative to potential crustal contaminants allow preservation of the primary Mg-isotope signature of their mantle sources. Therefore, the elemental and isotopic compositions of the studied alkali basalts are inherited from their source regions. The Cenozoic and Mesozoic alkali basalts from West Qinling generally have OIB-like trace element and radiogenic isotope compositions. However, there are many differences in their major and trace elements and Mgisotope compositions. The Cenozoic alkali basalts have significantly lower SiO 2 and Al 2 O 3 but higher CaO and MgO concentrations, and higher CaO/Al 2 O 3 ratios, than those of the Mesozoic alkali basalts (Fig. 7) . They are characterized by enrichment in Nb and Ta, but depletion in K, Pb, Zr, Hf and Ti, similar to the trace element pattern of igneous carbonatites (Fig. 4b) . In contrast, the Mesozoic basalts display enrichment in LILE, but no depletion in HFSE such as Nb, Ta, Zr, Hf and Ti. The Cenozoic alkali basalts also have significantly lower Ti/Eu and Hf/Sm ratios, but higher (La/Yb) N values, than the Mesozoic alkali basalts (Fig. 8) . In terms of Mgisotope compositions, the Cenozoic alkali basalts have lower d
26 Mg values of -0Á54 to -0Á32ø, which are lower than the average mantle value, whereas the Mesozoic alkali basalts have higher d 26 Mg values of -0Á35 to -0Á21ø, which are almost identical to the average mantle value within analytical error (Figs 5, 9 and 10). Taken 0Á25  8Á07  0Á00434  0Á282979  0Á000011  7Á8  425  14HT03  0Á27  9Á06  0Á00426  0Á282972  0Á000011  7Á4  435  14HT05  0Á25  8Á93  0Á00390  0Á282987  0Á000011  7Á9  408  14HT08  0Á26  8Á68  0Á00431  0Á282984  0Á000010  7Á8  417  14HT10  0Á26  8Á54  0Á00435  0Á282969  0Á000010  7Á3  440  Caihua  14LX04  0Á21  5Á99  0Á00508  0Á282951  0Á000007  6Á6  479  Fenshui  14FS03  0Á20  7Á48  0Á00372  0Á282967  0Á000017  7Á2  436  14LX17  0Á23  6Á83  0Á00477  0Á282923  0Á000010  5Á6 . S, sample; CHUR, chondritic reservoir; DM, depleted mantle. Sun (1995) . MORB and OIB compositions are after Sun & McDonough (1989) . Also compared are average oceanic magnesio-carbonatite and calciocarbonatites compositions (Hoernle et al., 2002) , which have been interpreted to be derived from the melting of carbonated oceanic crust.
together, the Cenozoic and Mesozoic alkali basalts from the West Qinling orogen exhibit a series of similarities and differences in their lithochemical and geochemical compositions. These differences indicate their origin from significantly different composition mantle sources. Alkali basalts have long been considered as partial melts of ultramafic mantle lithologies (e.g. Walter, 1998; Herzberg, 2011) . All the studied alkali basalts have low SiO 2 concentrations of 38Á0-45Á7 wt% and high MgO concentrations of 7Á18-17Á9 wt%, requiring their derivation from partial melting of mantle lithology. Although these alkali basalts show significant differences in their geochemical characteristics, they are all variably enriched in melt-mobile incompatible trace elements, such as LREE and some LILE (e.g. Ba and Sr), which is significantly different from normal mid-ocean ridge basalt (MORB) (Fig. 4) . Such enriched trace element patterns indicate the presence of enriched components in their mantle sources. Their d 26 Mg values are also variable (Fig. 5) , indicating the involvement of supracrustal materials in their source and source heterogeneity in Mg-isotope compositions. Therefore, these alkali basalts must have originated from fertile ultramafic mantle sources that were generated by crustal metasomatism at the slab-mantle interface in a subduction channel.
It has been suggested that the Qinling orogen was finally formed in the Triassic with the closure of the A'nimaque-Mianlue Paleotethyan ocean (e.g. Meng et al., 2005; Dong et al., 2011; Wu & Zheng, 2013) . As such, recycling of the Paleotethyan oceanic crust into the mantle would have taken place, delivering crustal components to the mantle wedge overlying the subducting Paleotethyan oceanic slab. The subducted Paleotethyan oceanic crust-derived melts or fluids would metasomatize the mantle wedge peridotite at the slab-mantle interface, generating the fertile and enriched mantle source for the alkali basalts.
Carbonate metasomatism
Mantle peridotite is commonly considered the dominant source lithology for alkali basalts (e.g. Walter, 1998; Herzberg & O'Hara, 2002) . Previous studies have indicated that low-degree partial melting of mantle peridotite at high pressure can generate basaltic melts that are strongly enriched in alkalis (e.g. Hirose & Kushiro, 1993; Walter, 1998) . However, these experimentally produced melts are too high in SiO 2 and Al 2 O 3 , but too low in CaO compared with natural alkali basalts (e.g. Hirschmann et al., 2003; Dasgupta et al., 2007) . The experimentally produced melts generally have high SiO 2 concentrations of 45-54 wt % (e.g. Kushiro, 1996; Walter, 1998; Wasylenki et al., 2003) . However, one of the most remarkable features of our studied Cenozoic alkali basalts is that they have very low SiO 2 concentrations of 38Á0-40Á1 wt % ( Fig. 7; Table 2 ), which cannot be produced by the partial melting of depleted peridotite. In addition, the enrichment of melt-mobile incompatible trace elements, such as the LILE and LREE, and their (Fu et al., 2002) and MORB (Ito et al., 1987) .
isotope compositions also cannot be explained by differences in the melting degree of a common mantle peridotite.
In recent years, carbonated peridotite has been considered a plausible source of highly silica-deficient melts (e.g. Dasgupta & Hirschmann, 2006; Dasgupta et al., 2007) . Melting experiments on carbonated peridotite also suggest that the major element compositions of alkali basalts can be produced by low-degree partial melting of lherzolites with the addition of CO 2 (Hirose, 1997; Dasgupta et al., 2007) . The significantly lower Al 2 O 3 , higher CaO and MgO concentrations, and higher CaO/Al 2 O 3 ratios of the Cenozoic alkali basalts also argue for a carbonated mantle source (Fig. 7) , because partial melting of such a mantle source can produce alkali basaltic melts with high CaO and MgO concentrations (Ducea et al., 2005; Huang et al., 2011) . The occurrence of carbonate minerals in the alkali basalts is prominent, providing mineralogical evidence for their origin from a mantle source region that had undergone carbonate metasomatism. Prytulak & Elliott (2007) , however, have argued that the primitive mantle peridotite is too poor in Ti to account for the high-Ti characteristics of most alkali basalts, and Ti-rich material is a necessary addition to the peridotite. Pilet et al. (2008) also suggested that the high K 2 O concentrations of alkali basalts can be explained by the addition of hornblendite. The role of hornblendite in generating alkali basalts also has been suggested by studies of natural alkali basalts (Ma et al., 2011; Dai et al., 2014) . The studied Cenozoic alkali basalts display higher TiO 2 and K 2 O concentrations than those of carbonated peridotite-derived basaltic melts (Hirose, 1997; Dasgupta et al., 2007) , possibly indicating the involvement of hornblendite. Therefore, the Cenozoic alkali basalts from West Qinling may have been derived from partial melting of a carbonated peridotite plus hornblendite source.
Carbonatites generally have distinctive trace element characteristics (e.g. Hoernle et al., 2002; Bizimis et al., 2003) , such as enrichment in Sr, Ba, Th, LREE and middle REE (MREE), but strong depletion in Rb, K, Zr, Hf and Ti in primitive mantle-normalized trace element patterns, as observed for both oceanic and continental carbonatites (Fig. 4) . The addition of carbonated oceanic crust-derived materials to peridotite can enrich the mantle in many incompatible trace elements (except K, Zr, Hf and Ti), as observed in mantle xenoliths (e.g. Yaxley et al., 1991; Rudnick et al., 1993; Ionov et al., 1996; Rosatellia et al., 2007) . Partial melting of such carbonated mantle sources would produce basaltic melts with negative K, Zr, Hf and Ti anomalies, similar to natural alkaline basalts (e.g. Hirose, 1997; Dasgupta et al., 2007; Zeng et al., 2010; Mallik & Dasgupta, 2013) . The studied Cenozoic alkali basalts display significant negative K, Zr, Hf and Ti anomalies, showing a similarity to carbonatites. Such a key geochemical feature indicates the involvement of a carbonate component in their mantle source. Considering that such negative anomalies are much weaker than those in common carbonatites, this suggests the presence of silicate components in addition to a carbonate component in the source.
Because carbonate metasomatism will increase the (La/Yb) N ratios of mantle sources and lead to strong depletion in HFSE (e.g. low Ti/Eu), (La/Yb) N values together with Ti/Eu ratios are usually taken as possible indicators of carbonate metasomatism (Rudnick et al., 1993; Klemme et al., 1995; Coltorti et al., 1999) . As shown in Fig. 8a , the studied Cenozoic basalts have significant higher (La/Yb) N values and lower Ti/Eu ratios than those of normal MORB, but plot close to average carbonatite, suggesting the important role of carbonate metasomatism in dictating the composition of their mantle source (Coltorti et al., 1999) . The carbonate melts are also characterized by low Hf/Sm ratios (Green et al., 1992; Hoernle et al., 2002; Bizimis et al., 2003; Liu et al., 2015) . As illustrated in Fig. 8b , the Cenozoic basalts display significantly lower Hf/Sm ratios than those of normal MORB (Hofmann, 1988) , and plot toward average carbonatite (Hoernle et al., 2002) , also implying a considerable contribution from carbonate metasomatism.
The Cenozoic alkali basalts from West Qinling generally have lower d
26 Mg values of -0Á54 to -0Á32ø compared with normal mantle values. Similarly low d
26 Mg values of -0Á60 to -0Á35ø have also been reported for <110 Ma continental basalts from East China (Yang et al., 2012b; Tian et al., 2016) , which are attributed to involvement of carbonated peridotite in the petrogenesis of these basalts. As shown in Fig. 9 , the Cenozoic alkali basalts from West Qinling with low d
26 Mg values also have high MgO and CaO, low SiO 2 and high CaO/Al 2 O 3 ratios, indicating their origin from a carbonated mantle source. For trace element compositions (Fig. 10) , the Cenozoic alkali basalts with low d
26 Mg values also display carbonate signals such as low Ti/Eu and Hf/Sm ratios, but high (La/Yb) N and Nb/Ta ratios (Coltorti et al., 1999; Hoernle et al., 2002; Bizimis et al., 2003; Liu et al., 2015) . Thus, their low d
26 Mg values, together with their major and trace element compositions, indicate that their mantle source was mainly generated by metasomatic reaction of mantle peridotite with carbonate melts. The carbonate melts would be derived from partial melting of subducted, carbonate-bearing, Paleotethyan oceanic crust. The reaction of mantle peridotite with such carbonatitic melts would generate fertile, enriched ultramafic metasomatites such as carbonated peridotite plus hornblendite. Partial melting of the metasomatites can produce the petrological and geochemical features observed for the Cenozoic alkali basalts from West Qinling.
Silicate metasomatism
Compared with the Cenozoic alkali basalts, the Mesozoic alkali basalts exhibit relatively higher SiO 2 and Al 2 O 3 but lower CaO and MgO, with lower CaO/ Al 2 O 3 ratios (Fig. 7) . They are characterized by relative enrichment in Zr, Hf and Ti (Fig. 4) . They also have relatively higher Ti/Eu and Hf/Sm, but lower (La/Yb) N and Nb/Ta ratios than those of the Cenozoic alkali basalts (Figs 8 and 10 ). In addition, they have mantle-like Mg isotope compositions (-0Á35 to -0Á21ø), which are significantly different from the low d
26 Mg values of the Cenozoic alkali basalts. Therefore, the Mesozoic basalts must have originated from a significantly different mantle source from that of the Cenozoic basalts. Huang et al. (2015a) demonstrated that altered, carbonate-barren oceanic crust has relatively homogeneous and mantle-like Mg-isotope compositions, with d
26 Mg values ranging from À0Á36 to À0Á14ø and an average value of À0Á25 6 0Á11ø. However, sedimentary carbonates have variably low d 26 Mg values from -5Á57 to -0Á47ø (e.g. Young & Galy, 2004; Tipper et al., 2006; Pogge von Strandmann et al., 2008; Higgins & Schrag, 2010; Jacobson et al., 2010; Pokrovsky et al., 2011; Wombacher et al., 2011) . Thus, recycling of carbonatebearing oceanic crust would result in mantle Mgisotope heterogeneity, with locally low d
26 Mg values (Hofmann, 1988) and average oceanic carbonatite (Hoernle et al., 2002) . owing to incorporation of low d 26 Mg carbonates (Yang et al., 2012a,b; Huang et al., 2015b; Liu et al., 2015) . The Mesozoic alkali basalts generally display mantle-like d 26 Mg values of -0Á35 to -0Á21ø (Figs 5, 9 and 10), inconsistent with the Mg-isotope composition of carbonate-bearing oceanic crust. Thus, the mantle-like d 26 Mg values of the Mesozoic alkali basalts indicate that carbonate-bearing oceanic crust is unlikely to be an important part of the Mg budget in the mantle sources of these basalts.
OIB-like trace element patterns are prominent amongst both Mesozoic and Cenozoic alkali basalts from West Qinling (Fig. 4) . The lack of depletion or even enrichment of Nb and Ta in the basalts can be explained by the breakdown of rutile during partial melting of the subducting oceanic crust at post-arc depths. Ringwood (1990) proposed that at mantle depths of >160 km, the conduction of heat from the asthenospheric mantle would cause the subducting oceanic crust to exceed its solidus temperatures of 750-900 C under fluidsaturated conditions, resulting in its partial melting with the breakdown of rutile to release Nb, Ta and Ti. This proposal has gained support from recent experimental studies of rutile dissolution in eclogite-derived melts (Spandler et al., 2008; Skora & Blundy, 2010) . Thus, the stability of accessory minerals in deeply subducting crustal rocks can be considered as the key to the composition of slab-derived metasomatic agents (Zheng et al., 2011 Zheng & Hermann, 2014; Xu et al., 2017) . Partial melting of deeply subducting oceanic crust outside the rutile stability field can produce felsic melts with enrichment in LILE and LREE, but no depletion or even enrichment in HFSE (Zheng, 2012; Dai et al., 2014 Dai et al., , 2017 Xu et al., 2017) .
As shown in Fig. 6 , the Mesozoic alkali basalts have depleted Sr-Nd isotope compositions, which plot between the depleted MORB source mantle and eclogites with Paleotethyan oceanic affinity (Li et al., 2001; Fu et al., 2002; Jahn et al., 2005) . In view of the geological setting and the tectonic setting of basalts in the West Qinling orogen, we suggest that subducted Paleotethyan oceanic crust was involved in the generation of their source region. Because these basalts generally have relatively low CaO concentrations and CaO/Al 2 O 3 ratios but high Al 2 O 3 and SiO 2 concentrations (Fig. 7) , it is possible that carbonate-barren, oceanic crust-derived silicate melts were involved in the generation of their mantle source. The relatively high Ti/Eu and Hf/Sm ratios but low (La/Yb) N ratios also indicate that the carbonate metasomatism is insignificant (Fig. 8) . In addition, they are characterized by OIB-like trace element patterns with no depletion in HFSE; these patterns are significantly different from those of carbonatites, which show enrichment in Nb and Ta but depletion in Zr, Hf and Ti (Fig. 4b) . In this regard, the oceanic crust-derived silicate melts would have infiltrated into the overlying mantle wedge peridotite and reacted with the peridotite to generate the fertile, enriched metasomatite. Generally, the composition of the Mesozoic alkali basalts from West Qinling are comparable with experimental melts of peridotite þ hornblendite (Dai et al. 2014) . Therefore, we suggest that peridotite þ hornblendite can serve as the source for the studied Mesozoic alkali basalts.
IMPLICATIONS FOR SLAB-MANTLE INTERACTION IN A SUBDUCTION CHANNEL
Suprasubduction-zone (SSZ) mafic igneous rocks are generally considered to be the products of partial melting of a mantle wedge that has been metasomatized by slab-derived fluids (e.g. McCulloch & Gamble, 1991; Spandler & Pirard, 2013; Zheng et al., 2015) . This involves a series of processes such as dehydration and partial melting of the subducting slab, metasomatic reaction of the mantle wedge peridotite with metamorphic fluids to generate ultramafic metasomatites, and partial melting of the fertile, enriched metasomatites to generate basaltic magmatism (Zheng, 2012; Zhao et al., 2013; Dai et al., 2014 Dai et al., , 2015 Xu et al., 2017) . The nature of the metasomatic agents at the slabmantle interface in a subduction channel is critical to the composition of the mantle sources; partial melting of heterogeneous mantle metasomatites at different times can produce a variety of mafic magmas Dai et al., 2016) . Their geochemical characteristics depend primarily on the compositions of the crustal and mantle components in their source regions.
As argued above, the involvement of Paleotethyan oceanic crust in the metasomatism of the overlying mantle wedge would have played an important role in generating the source region of the Cenozoic and Mesozoic alkali basalts from the West Qinling orogen. Both basaltic oceanic crust and marine carbonate sediments would have been recycled into the mantle sources. Carbonate-rich melts derived from partial melting of carbonate-bearing oceanic crust are commonly characterized by carbonatite-like trace element distribution patterns with relative depletion in K, Pb, Zr, Hf and Ti (e.g. Hoernle et al., 2002; Dasgupta et al., 2007; Mallik & Dasgupta, 2013) . In contrast, silicate melts derived from partial melting of carbonate-barren oceanic crust accompanied by rutile breakdown would be characterized by OIB-like trace element distribution patterns (Ringwood, 1990; Zheng, 2012; Dai et al., 2017; Xu et al., 2017) . These differences would be transferred to the overlying mantle sources for the two ages of alkali basalts.
With respect to the nature of the mantle wedge before the crustal metasomatism, this would be sublithospheric mantle that is depleted not only in its radiogenic isotope composition but also in melt-mobile incompatible trace elements relative to primitive mantle. Such mantle is sampled by normal MORB and is thus generally referred to as depleted MORB mantle (DMM) (Hofmann, 1988 (Hofmann, , 1997 . After crustal metasomatism at convergent plate margins, this DMM would be converted into orogenic lithospheric mantle that is locally fertile and trace element enriched as a result of its reaction with the metasomatic agents. Thus, the metasomatic domains in the mantle wedge look like DMM in view of their depletion in radiogenic isotope compositions, but like enriched sub-arc mantle in view of their enrichment in melt-mobile incompatible trace elements such as LILE and LREE (Zheng, 2012; Zheng et al., 2015) . Nevertheless, the metasomatic domains in the sub-arc mantle are relatively depleted in HFSE such as Nb and Ta, but enriched in Pb, whereas those in the post-arc mantle are relatively enriched in, or at least not depleted in, HFSE but depleted in Pb Xu et al., 2017) . Such contrasts in the trace element composition of metasomatic domains are primarily caused by the difference in the composition of the metasomatic agents Xu et al., 2017) . These differences are further conveyed to arc-like and OIB-like mafic igneous rocks, respectively, with enhanced fractionation between incompatible and compatible elements.
The Cenozoic and Mesozoic alkali basalts from West Qinling exhibit relative depletion in whole-rock Sr-NdHf compositions, indicating their origin from relatively depleted mantle sources. Thus, the mantle wedge would primarily consist of depleted MORB mantle during subduction of the Paleotethyan oceanic slab in the Late Paleozoic. However, these alkali basalts are all enriched in melt-mobile incompatible trace elements, such as the LREE and most LILE, which are significantly different from normal MORB (Fig. 4) . As such, the depleted MORB mantle cannot directly serve as the source region of alkali basalts. Nevertheless, these enriched geochemical signatures can be transferred from the subducting Paleotethyan oceanic crust to the depleted MORB mantle wedge. According to the tectonic location of alkali basalts in West Qinling, metasomatic domains in the orogenic lithospheric mantle are the most likely candidate for their mantle sources. However, the depletion of Pb, but enrichment of Nb and Ta, in these basalts indicates that the subducting oceanic crust underwent not only significant dehydration at sub-arc depths but also the breakdown of rutile at postarc depths to cause the depletion in Pb but the enrichment in Nb and Ta in the metasomatic agents (Zheng, 2012; Xu et al., 2017) .
A generalized model for petrogenesis of the Mesozoic and Cenozoic alkali basalts from the West Qinling orogeny is presented in Fig. 11 . Northward subduction of the Paleotethyan oceanic crust occurred in the Paleozoic (Wu et al., 2009; Zhou et al., 2015) . Island arc basalts were produced by the subduction of Paleotethyan oceanic crust (Fig. 11a) . Subsequently, arc-continent collision took place in the QinlingTongbai-Hong'an orogens (Wu & Zheng, 2013) , leading to lateral accretion of the juvenile arc terrane to the southern margin of the North China block. With further subduction of the Paleotethyan oceanic crust, lowdegree partial melting of carbonate-bearing oceanic crust could have produced carbonate-rich melts at the post-arc depths beneath the mantle wedge ( Fig. 11b ; Poli, 2015) . Such carbonate-rich melts are generally characterized by high CaO but low SiO 2 concentrations, light Mg-isotope compositions and high abundances of highly incompatible trace elements, such as LREE, most LILE and Nb and Ta, but low abundances of K, Pb, Zr, Hf and Ti. The carbonate-rich melts with very low silica activities would react with the overlying depleted MORB mantle wedge peridotite to generate a carbonated mantle source (Fig. 11b) , which consists of metasomatic mineral assemblages at the expense of orthopyroxene (Yaxley et al., 1991; Neumann et al., 2002; Ammannati et al., 2016) . This kind of carbonated mantle source would have a geochemical inheritance from the carbonate-rich melts, with high CaO/Al 2 O 3 ratios but low d
26 Mg values. In contrast, partial melting of carbonate-poor Paleotethyan oceanic crust with rutile breakdown at post-arc depths would produce silicate melts, with relatively high SiO 2 concentrations but low CaO/Al 2 O 3 ratios and mantle-like Mg-isotope compositions. Such silica-rich melts would react with the overlying depleted MORB mantle wedge peridotite to generate another fertile and enriched mantle source (Fig. 11b) , promoting consumption of olivine in favour of orthopyroxene, clinopyroxene and amphibole (Rapp et al., 1999; Prouteau et al., 2001; Sobolev et al., 2005) . Thus, the two types of crustal metasomatism at the slab-mantle interface in the Paleotethyan oceanic crust subduction channel would have generated the different compositions of mantle metasomatites. In either case, the breakdown of rutile in the silicate crust is necessary to make melts rich in Nb, Ta and Ti; as is the dehydration at sub-arc depths for the Pb depletion. As a consequence, the process generates basalts with OIB-like geochemical characteristics.
The studied alkali basalts of Early Cretaceous and Miocene age in the West Qinling orogen were emplaced >100 Myr later than the Late Paleozoic closure of the Mianlue Paleotethyan ocean. The metasomatic reaction between oceanic crust-derived melts and mantle wedge peridotite would have probably occurred in the Late Paleozoic. The metasomatized mantle sources of the mafic igneous rocks would have been stored in the orogenic lithospheric mantle for more than 100 Myr. A possible explanation for such long storage is that the metasomatites were located in the lowermost part of the subcontinental lithospheric mantle (SCLM), just above the thermal boundary between the lithosphere and asthenosphere during the Early Mesozoic. The ultramafic metasomatites would be stored and stable in the cold SCLM, rather than the hot and convecting asthenospheric mantle. This can explain why the observed geochemical signatures of the subducted Paleotethyan oceanic crust can be preserved and transferred to the source of the alkali basalts. In the Early Cretaceous, partial melting of the metasomatites in the lowermost SCLM would have given rise to the first type of alkali basalt (Fig. 11c) . With respect to the tectonic mechanism for the Early Cretaceous magmatism, this may be ascribed to orogenic lithospheric extension in the postcollisional stage. It is common in collisional orogens that extensive magmatism develops subsequent to thinning of the thickened lithosphere (e.g. Dilek & Altunkaynak, 2009; . During the Miocene, partial melting of a carbonated mantle source in the SCLM would have produced the second type of alkali basalt (Fig. 11d) . This episode of magmatism was linked to thermal perturbation by the convective asthenospheric mantle (Guo et al., 2014) , which may be a response to the continental collision between the Indian and Asian Blocks during the Himalayan orogeny. Both Early Cretaceous and Miocene basalts were erupted at different times and places in the West Qinling orogen, which can be explained by the differences in the locality and depth of the metasomatites in the orogenic lithospheric mantle.
CONCLUSIONS
Cenozoic and Mesozoic alkali basalts from the West Qinling orogen exhibit systematic differences in their major and trace element and Mg-isotope compositions, despite similarities in their depleted Sr-Nd-Hf isotope compositions. The Cenozoic alkali basalts generally have low SiO 2 , but high CaO and MgO concentrations, with high CaO/Al 2 O 3 ratios and low d
26 Mg values of -0Á54 to -0Á32ø. They are also characterized by enrichment in melt-mobile incompatible trace elements, such as the LREE and most LILE as well as Nb and Ta, but depletion in K, Pb, Zr, Hf and Ti, with high (La/Yb) N values, but low Ti/Eu ratios, typical of carbonate metasomatism. Thus, they were derived from partial melting of a carbonated mantle source that would have been generated by reaction of the overlying depleted MORB mantle peridotite with carbonate-rich melts derived from partial melting of subducted, carbonate-bearing, Paleotethyan oceanic crust. The occurrence of carbonate minerals in these basalts provides mineralogical evidence for carbonate metasomatism in generating their mantle source. In contrast, the Mesozoic basalts have relatively high SiO 2 and Al 2 O 3 , but low CaO and MgO, with low CaO/Al 2 O 3 ratios and high d 26 Mg values of -0Á35 to -0Á21ø. They exhibit OIB-like trace element distribution patterns with enrichment in LILE and LREE, but no depletion in HFSE and negative Pb anomalies. They were derived from partial melting of a fertile and enriched mantle source that was generated by reaction of depleted MORB mantle peridotite with silicate melts derived from partial melting of subducted carbonatepoor Paleotethyan oceanic crust. Both the carbonate and silicate melts would have been incorporated into the mantle sources of the alkali basalts. The carbonate and silicate metasomatisms at the slab-mantle interface in this Paleotethyan oceanic subduction channel were responsible, respectively, for the generation of the mantle sources of the two ages of alkali basalts.
